In order to test if a particular rye population has a specific frequency of B chromosomes or, on the contrary, if it can tolerate Bs over a wide range of frequencies, we have studied the transmission of Bs in two Korean varieties which differ in their natural B frequencies. Synthetic populations were made for each variety which carried Bs at both the natural frequency as well as at the frequency of the alternative population. The populations were open pollinated, and the frequencies of the Bs were studied over three generations. The experiment was duplicated in two different environments and the variables of viability and fertility were also compared.
Introduction
B chromosomes exist at different frequencies in different populations of rye. The highest frequencies of plants wth Bs are found in populations from Japan (Kishikawa, 1965) and Korea (Muntzing, 1954 (Muntzing, , 1957a Lee, 1963 Lee, , 1966 Lee, , 1976 Lee, , 1981 Lee & Mm, 1965 , 1966 , 1968 . These authors reported a wide variation in B chromosome frequencies among Korean populations which was unrelated to any geographic or ecological dine.
It has been repeatedly argued by many authors that the polymorphism for B chromosomes is maintained by a balance between their tendency to increase in number due to their non-Mendelian accumulation mechanisms, and the decrease in fertility of individuals with a high number of Bs (Jones & Rees, 1982 for a review).
However, in a recent paper (Romera et al., 1989) we reported a quantitative analysis of these two opposing factors in four Korean populations with different frequencies of Bs, where we found that both the behaviour of B chromosomes during male gametogenesis and the decrease in fertility were similar in all populations. We therefore concluded that the balance between these two factors cannot account for the establishment of equilibria at different frequencies in different populations, although these features are essential for the existence of the polymorphism for B chromosomes within a population.
It is possible however that B chromosomes could be maintained at a wide range of frequencies provided that the tendency for B loss due to instabilities at meiosis, and the low fitness of plants carrying a high number of Bs, was compensated by a sufficient proportion of gametes carrying Bs formed in each generation by the accumulation mechanisms.
In order to test if a particular population has a specific frequency of B chromosomes or, on the contrary, it can tolerate Bs at a wide range of frequencies, we have designed the present experiment.
The idea was to study the transmission of Bs in two different varieties, which show a high and low B frequency in nature, and to derive synthetic populations with both the natural and the opposite B frequencies. The populations were open pollinated, and the frequency of Bs was studied over three generations. We first wanted to see whether or not the populations conserved their natural frequencies, and secondly if they moved towards their natural frequencies after having been experimentally changed.
The experiment was duplicated in two different enviromnents in which the variables of viability and fertility were also compared. In all cases the chromosome number was counted in root tips following fixation in acetic alcohol 1:3 and staining by the Feulgen method.
Results
In 1987 a large number of seeds from the varieties Paldang and Puyo were screened for the presence of B chromosomes at the seedling stage. The results of this screening are shown in Table 1 . Paldang showed 20 per cent of plants with Bs and Puyo 60 per cent, which we consider to be the natural B frequencies for these varieties. Table 2 shows the frequency of B chromosomes in the eight experimental populations, over three generations in Madrid (1987-1988-1989) and two in La Coruña(1988 Coruña( -1989 . Table 3 shows the results of the chi-squared contingency tests made to compare the number of plants with and without Bs between the generations. It is evident that the experimental populations planted with the synthetic natural frequencies of B chromosomes viability and fertility were estimated, and the results are shown in Table 4 . As we already knew that B chromosomes decrease fertility in Paldang and Puyo in Madrid (Romera et al., 1989) , two-way ANOVAS were made to see whether Bs had any differential influence on fertility in the two localities. The results of the ANOVAS are shown in Table 5 , where it can be seen that the interaction between locality and B number is not significant for Puyo for all variables, and significant for Paldang for only grains per spike and grains per flower. In Tables 4 and 5 the data of Paldang 20 in La Coruña are not included because the plants could not be individually collected; so the seed was used to screen for the B number but it could not be used to estimate the variables of viability and fertility. Table 6 shows the quotients for the mean values of F/P, F/S, S/P, G/P, G/S and G/F in 2B plants divided by those of OB plants, and the values of 4B plants divided by OB ones. These quotients are less than 1 for the values of fertility in all cases, with the quotients 4B/ OB being remarkably low. The quotients for the mean values of viability are generally close to 1, or higher.
Discussion
The frequency of B chromosomes in the experimental populations sown at their natural frequencies remains constant over generations both in Madrid and in La Coruña (Tables 2 and 3 ). The proportion of Puyo plants with Bs in Madrid tends to increase but the difference is non-significant. This indicates that the polymorphism is stable both in Paldang and Puyo. It can thus be considered that the natural frequency of B chromosomes in Paldang is low, of the order of about Table 4 Variables of viability and fertility in the experimental populations F/P= flowers per plant, F/S = flowers per spike, S/P= spikes per plant, G/F grains per flower. It has been observed in the synthetic populations that when the frequencies are switched there is a tendency to move towards the original natural frequencies. This tendency is especially strong in Puyo, which shows significant differences after only one (Tables 2 and 3 ). In Paldang the tendency to decrease from 60 per cent towards a lower frequency is also evident, although it is not so strong because the differences are significant only after two generations (Tables 2 and 3 (Rees & Hutchinson, 1973; Teoh & Jones, 1978) . Kishikawa (1970) showed that when the temperature increases, the frequency of non-disjunction decreases, and that a decrease in soil moisture produces a higher B chromosome loss during meiosis. These previous observations cannot account for our results because we observe the same effect of a change in B frequencies in opposite directions in both environments, although the effect is stronger in Madrid than in La Coruña.
It is possible that the difference in the degree of change in B frequency observed between Madrid and La Coruña is not due to the environment, but results mainly to the way in which the synthetic populations with the switched frequencies were made for La Coruña. It will be recalled that they came not from the original varieties but from the Paldang 60 and Puyo 20 populations obtained in Madrid the year before.
Actually the change in frequencies in 1988 and 1989 is of about the same order of magntiude both in Madrid and in La Coruña, while the main change is produced in Madrid in 1987 and 1988. We think that the factors which influence the transmission of Bs had already changed during 1987 and 1988, and the tendency to change towards the natural frequency is then much reduced.
We have also estimated variables of vigour and fertility (Table 4 ). The variance of the variables is always high, which decreases the sensitivity of the ANOVA. Notwithstanding questions of statistical interpretation our results are in agreement with previous data on the decrease in fertility due to Bs, and their lack of influence on vigour (Muntzing, 1963; Puertas eta!., 1985; Romera eta!., 1989) . This effect is evident from Table 6 This effect on fitness is similar in the environments in both Madrid and La Coruña because the interaction between the sources of variation due to locality and number of Bs resulted in non-significance in 10 out of the 12 cases (Table 5) . A significant interaction would indicate an environmental influence on the effect of Bs on fitness. Our result is interesting because it is against an adaptive nature of B chromosomes in rye.
The main result of this experiment however is that both Paldang and Puyo tend to move towards their natural frequencies after they are experimentally changed. It can thus be concluded that there must be reasons which can account for the existence of B chromosome polymorphisms that are determined at one particular frequency and not another. Therefore, the hypothesis that a natural population can carry Bs at a wide range of frequencies has to be rejected.
It is remarkable to observe the fast change in the frequency of plants with Bs in Puyo, which changes from the synthetic 20 per cent to its natural 60 per cent level in two generations. This indicates that the factors that maintain B chromosomes in populations are highly effective because the tendency to recover a high frequency of Bs in Puyo is stronger than the tendency to decrease from an experimentally determined high frequency in Paldang. A possible interpretation of this behaviour is that frequency-dependent selection and a maternal imprinting effect are involved in the recovery of the natural frequencies.
Frequency-dependent selection (Puertas et a!., 1988 ) acts in such a way that pollen from OB or 2B rye plants does not fertilize at random when these plants are at different frequencies. Pollen from 2B plants preferentially fertilizes when the proportion of 2B plants is low, and pollen from OB preferentially fertilizes when the proportion of 2B plants is high. If we consider the natural equilibrium frequency as the pivotal value from which a frequency of Bs can be regarded as high or low, the preferential fertilization would accelerate the recovery of the natural frequency.
On the other hand, the maternal imprinting effect (Puertas et al., 1990) influences the transmission of Bs through pollen. It was observed that the B transmission rate in OB x 2B crosses is much higher when the maternal parent has 2B chromosomes than when it has OB. As Paldang has a low natural frequency of plants with Bs (20 We previously performed an experiment similar to the present work (Puertas et a!. 1986 (Puertas et a!. , 1987 using the Japanese variety JNK, which has a high natural frequency of plants with Bs (67 per cent) . From this variety we made two synthetic populations, one with a high frequency of Bs (80 per cent), and the other with a much lower frequency (20 per cent). The results of this previous experiment were similar to those of the present one. The population with a high B frequency tended to lose Bs, while the population with the low frequency tended to increase its frequency quickly from 20 to about 50 per cent in only one generation, after which it seemed to remain at the new equilibrium. These results again indicate that each natural population has a tendency to keep B chromosomes at a fixed frequency, or within a narrow range of frequencies. It should be noted also that in JNK the tendency to increase the frequency of B chromosomes was much stronger than the tendency to decrease, again indicating the strength of the forces that maintain B chromosomes in populations in spite of their adverse effects on fertility.
We have already demonstrated (Romera et a!., 1989 ) that the non-Mendelian accumulation mechanisms of B chromosomes, and their harmful effect on fertility, cannot account for the establishment of equilibria at different frequencies in different populations. In our opinion, the genes that control the transmission rate of B chromosomes (Romera et a!., 1991) are the main factors that determine the range of frequencies at which a population can carry Bs in nature. If the allele or alleles causing a high transmission rate of B chromosomes are at a high frequency in a population, the population will have a natural high frequency of B chromosomes, and, conversely, if the alleles causing a low transmission rate of Bs are at a high frequency, the population will have a low natural B frequency.
A question which now arises is, how is it that the genes that produce a high transmission rate of B chromosomes can be present at a high frequency in a natural population, as the plants with Bs show low fertility. This question needs further investigation because we still do not have sufficient knowledge abOut the mode of action of the genes that affect the transmission rate of B chromosomes in rye.
